Background {#Sec1}
==========

Heat shock proteins (HSPs) are a family of stress-inducible molecular chaperones, ubiquitously present in all forms of life, which main function is to prevent unspecific protein aggregation during stress response \[[@CR1]\]. HSPs group into five classes according to weight, HSP100, HSP90, HSP70, HSP60, and small heat-shock proteins (sHSPs), of characteristic low molecular weight (12-40 kDa) \[[@CR2]\]. In plants, sHSPs play an important role by contributing to maintain cellular homeostasis during physiological stress \[[@CR3]--[@CR5]\]. Although heat stress is well-known stimuli triggering the induction of sHSPs, it is not the only one. In particular, in both *Arabidopsis* and tomato plants, sHSPs are also induced during development \[[@CR6], [@CR7]\] and fruit maturation \[[@CR8]--[@CR11]\], suggesting the existence of a chaperone-dependent regulatory network associated with these processes to maintain cellular homeostasis. Remarkably, many plant genes involved in environmental stress responses seem to be the product of duplication events \[[@CR12], [@CR13]\]. This is particularly true for the tomato sHSP gene family, for which roughly half of the members, 17 out of a total of 33, seem to have arise from tandem duplication events \[[@CR14], [@CR15]\]. We note, however, that despite their high degree of sequence identity, tandem duplicated sHSP genes, can exhibit diverse patterns of gene expression \[[@CR14], [@CR16]--[@CR18]\], a feature that complicates their functional characterization.

In this paper, we present a study of the sHSP gene family in tomato from the perspective of their sequence conserved promoter architecture related to heat shock response and fruit ripening; and their expression up-regulation and participation in protein-protein interaction networks in the presence or the absence of the heat shock transcription factor A2 (HsfA2), that is a main regulator of HSPs in tomato \[[@CR19]\]. Towards this end, we wonder to what extent deviations from the expected nearby promoter architecture of sHSP genes in tomato can explain differences in their patterns of expression during stress response. In this way, we naturally expect the presence of heat shock elements (HSEs) \[[@CR20], [@CR21]\], motifs of a rather complex structure, known to be present in the promoter region of HSP genes and some other heat responsive genes \[[@CR22]\], which provide DNA binding sites for heat shock factors (Hsfs) \[[@CR23]\]. HSEs are gapped palindromic motifs of a modular structure composed by head (GAA) and tail (TTC) subsequences allowing gaps (nn) between them (GAAnnTTC) \[[@CR24]\]. Aiming at a precise characterization of HSEs in the promoter region of sHSP genes from tomato, a Position Weight Matrix (PWM) approach supported by a careful data curation process and stringent quality controls \[[@CR25]\] was devised. Having characterized the HSE presence in the sHSP gene family, we analyze the up-regulation of different sHSP genes during heat shock. For this purpose, we evaluate the interactions among proteins of co-expressed genes, focusing on sHSP genes, using public available heat stress experiment datasets of tomato.

Methods {#Sec2}
=======

To gain insight into the difficulties of modeling the presence of the gapped HSE motif in the promoter regions of the 33 sHSP genes in tomato, we first considered the DRIMust motif discovery tool \[[@CR26]\] allowing the identification of over-represented motifs, including the possibility of gapped ones. A HSE PWM (HSF3) was obtained with DRIMust, but it failed to detect the HSE motif in the promoter regions of two sHSPs that were used as controls (Solyc03g113930 and Solyc08g062450) \[[@CR27]\], probably due to the difficulties of modeling palindromic gapped motifs. To overcome DRIMust limitations, we augmented HSE data using the promoter region of heat responsive and ripening genes, and considered the alternative use of the XXmotif \[[@CR28]\] matrix-building tool guided by its unique ability to deal with both gap and palindromic constraints and its focus on the optimization of the statistical significance of candidate PWMs.

HSE dataset {#Sec3}
-----------

DNA regions of 1000 bp immediately upstream of the TSS were extracted from two independent groups, named clusters 10s and 5t of differentially expressed and co-regulated genes during heat stress and fruit ripening that were originally reported in \[[@CR27]\]. Members of cluster 5t, specific to fruit ripening, include target tandem duplicated sHSP genes of chromosome 06 (Solyc06g076520, Solyc06g076560, Solyc06g076570) described previously \[[@CR14], [@CR29]\], and HsfA2c (Solyc06g053950). Members of cluster 10s, specific to heat stress, include HsfA2 (Solyc08g062960) and HSP70 (Solyc06g076020). Both clusters share the coactivator MBF1c (Solyc01g104740), known to control heat-response regulon in *Arabidopsis*\[[@CR30]\] (Additional file [1](#MOESM1){ref-type="media"}).

Construction of HSE PWMs {#Sec4}
------------------------

Owing to its k-mer seed-based approach allowing the presence of gaps within motifs, the XXmotif tool was used to obtain HSE PWMs in tomato (Additional file [1](#MOESM1){ref-type="media"}). The XXmotif tool was parametrized with a pre-calculated background model with Markov order = 2 built from *S. lycopersicum* cv Heinz 1706 (SL2.50.29) genome obtained with the conversion utility tool in the RSAT platform \[[@CR31]\]; model: zoops (zero, one or multiple expected occurrences of motifs per sequences); similarity threshold for merging motifs/PWMs:Medium; pseudocounts:10%; max number of gaps in 5-mer seed:2; start search with seed patterns:(3+3)-mer palindromes; use only first N sequences of alignment:ALL; XXmasker:YES. HSE PWMs obtained from clusters 5t and 10s were analyzed with the TOMTOM motif comparison tool \[[@CR32]\] and a HSF1AE and HSF21 (*q*-value ≤ 0.005) classification from *Arabidopsis* DAP-Seq \[[@CR33]\] experiments was obtained (Additional file [1](#MOESM1){ref-type="media"}).

Quality control of PWMs {#Sec5}
-----------------------

To estimate the ability of PWMs to distinguish true binding sites from genome background, their quality was assessed with the methodology described in \[[@CR25]\]. For each PWM, the theoretical distribution of weight scores was estimated with the RSAT matrix-distrib tool (Fig. [1](#Fig1){ref-type="fig"}b). Corresponding decreasing cumulative distribution functions (dCDF), indicating the probability of observing by chance weight scores equal or higher than a given value, were used to estimate a suitable *p*-value cutoff. Taking into account the dCDFs for HSFA1E and HSF21, a *p*-value cutoff of 0.0001, for weight scores greater than 6, was selected (Fig. [1](#Fig1){ref-type="fig"}c and Additional file [1](#MOESM1){ref-type="media"}). Fig. 1Regulatory motifs found in tomato (*S. lycopersicum cv Heinz 1706*) corresponding to HSFA1E and HSF21 TFBS associated to heat stress and ripening. (**a**) Logo of the position weight matrix (PWM) of the found TFBS in tomato and the corresponding known in *Arabidopsis* for heat stress (upper panels) and for ripening (lower panels). (**b**) Theoretical distribution of weight scores obtained during the construction of the PWMs of tomato and (**c**) corresponding decreasing cumulative distribution functions (dCDF) for the found TFBS in tomato: HSFA1E (upper panels) and HSF21 (lower panels), respectively. (**d**) Location of the HSFA1E (blue-squares) and HSF21 (red-squares) motifs found in the promoter regions (i.e. upstream) of 9 sHSPs of tomato. These genes are also up-regutaled (UP, red triangles) during ripening \[[@CR14]\] and are arranged in tandem in chromosomes 06, 08 and 09

HSE PWM scanning of sHSP gene family promoters {#Sec6}
----------------------------------------------

HSFA1E and HSF21 PWMs obtained with XXmotif tool (Fig. [1](#Fig1){ref-type="fig"}a) were used to scan the promoter regions of the sHSP gene family \[[@CR14]\] (Additional file [1](#MOESM1){ref-type="media"}) using the RSAT matrix-scan analysis tool \[[@CR34]\]. Matrix-scan analysis was performed with an organism specific background model, Markov order = 2, a cutoff *p*-value = 0.0001 (as previously described), and all the other parameters with default values.

PPIs analysis {#Sec7}
-------------

The Uniprot \[[@CR35]\] protein IDs from transcriptionally \[[@CR27]\] and traductionally \[[@CR36]\] active co-expressed genes described in heat stressed (i) tomato wild type plants, and (ii) tomato RNAi protoplasts depleted in HsfA2 \[[@CR27]\] (Additional file [2](#MOESM2){ref-type="media"}), were used as inputs for STRING \[[@CR37]\], a quality controlled functional association network database, according to documentation and user manuals \[[@CR38]\]. Five channels of evidence, "experiments" (significant protein interaction datasets, gathered from other protein-protein interaction databases), "database" (significant protein interaction groups, gathered from curated databases), "textmining" (significant protein interaction groups, extracted from the abstracts of scientific literature), "co-expression" (genes that are co-expressed in the same or in other species) and "fusion" (individual gene fusion events per species), were used for computing association scores with default (medium level) score thresholds. Channels "neighborhood" and "occurrence" were not considered observing that they were mainly associated to prokaryotic genomes, or for orthology assignment, which would require further analysis of the sHSP gene family.

Results {#Sec8}
=======

HSEs in the regulatory region of sHSP genes {#Sec9}
-------------------------------------------

Uncovering HSEs in promoters of *S. lycopersicum* cv Heinz 1706 sHSP gene family can shed light on their functional characterization. As expected, HSEs indeed appear in the regulatory region of most sHSP up-regulated genes during tomato fruit ripening (Additional file [1](#MOESM1){ref-type="media"}). Conversely, regulatory regions of down-regulated, not-differentially expressed or not-expressed sHSP genes are almost depleted of HSEs during fruit ripening. Specifically, HSEs are observed in cytosolic sHSPs located in chromosome 6 (Solyc06g076520, Solyc06g076540, Solyc06g076560 and Solyc06g076570) and chloroplastic sHSPs located in chromosome 8 (Solyc08g062340 and Solyc08g062450), which members are all up-regulated during fruit ripening (Fig. [1](#Fig1){ref-type="fig"}d). In addition, HSEs heavily populates the unique mitochondrial up-regulated sHSP gene (Solyc08g078700) co-localized with other two sHSP genes located in chromosome 8 (Solyc08g078710 and Solyc08g078720). An exception to the apparent rule of HSE presence and sHSP up-regulation is observed in chromosome 09. In this case, two tandemly arrayed sHSP genes are up-regulated but just one of them (Solyc09g015020) shows the HSE presence while the other (Solyc09g015000) seems to be completely depleted from HSEs, at least in their most frequent variants (Fig. [1](#Fig1){ref-type="fig"}d).

Heat shock protein networks related to HsfA2 {#Sec10}
--------------------------------------------

Exception to the HSE presence in promoters of up-regulated sHSP genes during stress, including fruit ripening, rises the question about its actual importance for triggering expression of sHSP genes. We wonder if Solyc09g015000 may be behave like MBF1c, known to be a key factor during thermoregulation in *Arabidopsis*, which shows the absence of HSE in its promoter region. In order to elucidate Solyc09g015000 function, we considered possible protein interactions through a protein network analysis of up-regulated genes during heat stress conditions (Fig. [2](#Fig2){ref-type="fig"}). The set of up-regulated genes includes HSP100, HSP90 and HSP70 gene families, known to contribute to the maintenance of cellular homeostasis during stress conditions in human, *Arabidopsis* and tomato \[[@CR39]--[@CR41]\]. Actually, HSP90 constitutes approximately 1-2% of the total protein content in eukaryotes suggesting complex interconnections with other key regulators and cochaperones in response to stress \[[@CR42]\]. Moreover, HSP70 and HSP100 participate \[[@CR43]\] with HSP90 during the proteome response to stress \[[@CR42]\], also maintaining cellular homeostasis in physiological and stress conditions \[[@CR39]\]. Fig. 2Protein networks built with the sHSPs and HSPs that are up-regulated (i.e. overexpressed) as a response to heat stress treatment. (**a**) Heat stress induced in wild type (WT) tomato plants (where HsfA2 is present); (**b**) heat stress induced in tomato protoplasts (where HsfA2 was inhibited using RNAi). The two networks correspond to the two conditions tested: i.e., (**c**) tomato plants in the presence of HsfA2 (blue label) and (**d**) tomato protoplasts in the absence of HsfA2 (red label). In the networks: nodes are proteins and edges interactions. The proteins included in the networks were HSPs, sHSPs and related proteins up-regulated after heat stress: HSP70-90-100s (yellow nodes), sHSPs (blue nodes) and other heat stress related proteins (light yellow nodes). Colored labels indicate specific proteins dependent on the presence (blue) or absence (red) of HsfA2. The interactions were derived from the known functional or physical associations between proteins

Despite small variations in their order of appearance, HSP90, HSP70 and HSP100 proteins are the first barrier in response to stress conditions in different organisms \[[@CR39]\]. This observation motivates a computational strategy for uncovering the functionality of uncharacterized sHSPs in tomato, including the striking Solyc09g015000. For this purpose, we analyzed PPI networks in two independent heat shock experiments, (i) eight week tomato plants with up-regulated HsfA2 (Fig. [2](#Fig2){ref-type="fig"}a), and (ii) tomato protoplasts depleted in HsfA2 (Fig. [2](#Fig2){ref-type="fig"}b), where the first barrier of defense, mostly defined by high molecular weight HSPs, gets altered. In the former case, a protein network conformed by 15 nodes, almost all off them related to HSR (10 HSPs, HsfA2, and MBF1c), is observed (Fig. [2](#Fig2){ref-type="fig"}c). In the latter case, a small protein network conformed by eight nodes, all of them HsfA2 independent and up-regulated HSPs, can be observed. This network, which suggests the existence of alternative HSP regulatory mechanisms for HSR, includes the striking sHSP Solyc09g015000, three additional sHSPs of tandem duplication origin (Solyc08g062340, Solyc09g015020, and Solyc08g078700), another sHSP (Solyc05g014280), and three HSPs of high molecular weight (HSP100: Solyc03g115230, HSP90: Solyc03g007890, HSP70: Solyc04g011440) (Fig. [2](#Fig2){ref-type="fig"}d).

Discussion {#Sec11}
==========

Promoter architecture plays a key role in the genome-wide transcriptional response of plants to different environmental factors \[[@CR44], [@CR45]\]. In particular, tandemly arrayed sHSP genes provide an opportunity to explore to what extent variations in their promoter architecture contribute to their functional diversity for environment adaptation \[[@CR29], [@CR46]\]. In this regard, we observed that although Solyc09g015000 is strongly up-regulated during fruit ripening, it is completely depleted from HSEs in its promoter region. Instead, the presence of a non-HSE CTAGA motif, hard to detect by PWM modeling due to its short length, can be be observed in its promoter region. Remarkably, this motif has been also observed in the promoter region of *Arabidopsis* MBF1c involved in thermotolerance \[[@CR30]\], and in the promoter region of the MBF1c ortholog in tomato \[[@CR27]\], suggesting that the CTAGA motif might be a valid DNA binding site for transcription factors enabling the response of certain sHSP genes, like Solyc09g015000, during fruit ripening.

To shed further light on the intriguing Solyc09g015000, a protein network conformed by HsfA2 independent proteins involved in HSR in tomato \[[@CR47]\] was analyzed, and a protein network conformed by eight HSPs, five of them of the sHSP type, a single HSP70, a single HSP90, and a single HSP100, was observed (Fig. [2](#Fig2){ref-type="fig"}d). In this subnetwork, interactions between sHSPs are mediated by HSP70 and HSP90 proteins, both of them interacting with the single HSP100. Remarkably, these type of interactions can be also observed in acclimated *Arabidopsis* plants after severe heat shock (Additional file [2](#MOESM2){ref-type="media"}). Overall, this result suggests that Solyc09g015000 could be actually participating in the first barrier of stress response defined by HSP70, HSP90 and HSP100 proteins. In addition, this result suggests the existence of alternative, i.e., back-up, chaperone systems for stress response when part of the HSPs (70-90) paralogs gets altered, e.g., due to HsfA2 depletion. This plastic behavior of HSPs can be specifically appreciated in *Arabidopsis* thermotolerance experiments \[[@CR48]\], where a small subset of chaperones (two mitochondrial, one cytosolic, one chloroplastic) and one HSP70 defines a characteristic mesh subnetwork in committed to survive plants (Additional file [2](#MOESM2){ref-type="media"}).

Conclusions {#Sec12}
===========

Plants can cope with multiple stress situations. For each stimuli, specific stress response mechanisms are codified in the plant genome \[[@CR49]\]. The diversity of expression patterns observed for the highly redundant family sHSP genes in tomato suggest that uncovering their promoter architecture may help to understand such mechanisms. For this purpose, stringent PWM models for the identification of the characteristic HSE motif in tomato sHSP genes were developed. As expected, HSEs were found in all, but one (Solyc09g015000), up-regulated linked to gene duplication sHSP gene promoters. Aiming to disentangle the functionality of such HSE exception, protein networks were additionally built revealing alternative stress response subnetworks, mostly conformed from sHSPs.
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 {#Sec13}

Additional file 1HSFA1E and HSF21 TFBS associated to heat stress and ripening in tomato: building, quality controls and scanning for the promoter regions of sHSP gene family. (1) Gene IDs used to build HSFA1E and HSF21 PWMs. (2) Positive hits obtained with XXmotif tool. (3) PWM of the found TFBS in tomato and the corresponding known in *Arabidopsis* for heat stress (HSF1AE) and ripening (HSF21). (4) RSAT matrix-distrib output with theoretical distribution of weight scores (left) and corresponding decreasing cumulative distribution functions (right), for HSF1AE and HSF21 PWMs. (5) RSAT matrix-scan output table and location of the HSFA1E (red-squares) and HSF21 (blue-squares) motifs found in the promoter regions of 33 sHSPs in tomato. Differential sHSP gene expression during ripening according to \[[@CR14]\] is indicated for up-regulation (UP), down-regulation (DOWN), not differentially expressed (NDE) and not expressed (NE) genes. (XLSX 137 kb)

Additional file 2Protein IDs and output tables after STRING analysis. Protein IDs induced under similar experimental conditions of heat stress in (1) WT tomato plants (where HsfA2 is present), (2) tomato protoplasts (where HsfA2 was inhibited using RNAi) and (3) WT Arabidopsis plants, were used as input for STRING analysis. Overlapping nodes corresponding to HSP70, HSP90, HSP100 and sHSPs families, are indicated in bold in the output tables. (XLSX 123 kb)
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